INTRODUCTION
Melon (Cucumis melo L., 2n = 2x = 24) is the most cultivated member of the Cucurbitaceae in the world (Sabato et al., 2015) . The socioeconomic importance of the crop depends upon sales of hybrid seeds and fruits, which are mainly consumed in natura. In Brazil, the crop is concentrated in the Northeast region, particularly in the Jaguaribe-Açu agricultural region, because of the favorable climatic conditions. In this region, it is possible to harvest up to three crops a year, and the period of greatest production includes a season for international export, from July to January. These facts make melon the main Brazilian fresh fruit in terms of volume of exports, and the European Union is the main destination (MDIC, 2016) .
Despite the success of the crop, pests limit its yield potential, which results in the indiscriminate use of agricultural chemicals and higher production costs, increasing the economic risk of this crop to small farmers. Among melon pests, leafminers in the genus Liriomyza (Diptera, Agromyzidae) have been the main problem. Gallery formation in the leaves, which is caused by larvae that feed on leaf mesophyll, is the main form of damage caused by this pest, and results in reductions in yield and fruit quality (Araújo et al., 2007) .
Recently, interest in reducing the costs associated with controlling this insect, losses caused in production, and growing concern about chemical residues in foods and in the environment have encouraged the adoption of integrated pest management (IPM) (Basij et al., 2011) . Genetic resistance in plants is a relevant control technique within IPM. This strategy is considered ecologically ideal, it is easily adopted by the producer and can be implemented with other management techniques. Currently, for these reasons, the main objectives of breeding programs have been to introduce cultivars resistant to different types of stressors, whether biotic or abiotic, on the market (Borém and Fritsche-Neto, 2012) .
Although there are melon cultivars that have some level of tolerance to leafminers, there are no cultivars that are resistant to this insect. It should be emphasized that tolerance only involves characteristics that are related to the plant, while resistance results from an interaction between the characteristics of the plant and of the insect (Morais and Pinheiro, 2012) . In general, resistance can be categorized into two types: i) antixenosis (or non-preference), in which the plant changes insect behavior, resulting in the selection of an alternative host; and ii) antibiosis, in which the plant has a negative effect on the insect's biology (e.g., development and fecundity), and can be sublethal or lethal (Dogimont et al., 2010) . In both cases, resistance is relative, and comparisons of genotypes that are under the same experimental conditions are necessary.
The identification of sources of resistance in the germplasm available is a first step in obtaining resistant cultivars. A considerable volume of germplasm is conserved in active germplasm banks (AGBs), which are in Russia (>2900 accessions), the United States (>2300 accessions), France (>1800 accessions), China (>1200 accessions), and, in Brazil, in the Melon AGB of Embrapa Hortaliças (~400 accessions) and the Cucurbitaceae AGB of Northeast Brazil (~150 accessions) (Aragão, 2011) . Genetic diversity in the germplasm makes it possible for sources that contain favorable alleles to be identified and selected by characterization and evaluation. Nevertheless, few accessions have been characterized or evaluated for the trait of resistance to Liriomyza spp, and few promising sources have been identified (Nunes et al., 2013; Dogimont and Boissot, 2016; Oliveira FIC, Fiege LBC, Celin EF, Innecco R, et al., unpublished results) . Therefore, the aim of this study was to identify promising sources of resistance to leafminers in melon germplasm.
MATERIAL AND METHODS
Seven experiments were conducted: three in the laboratory (LAB1, LAB2, and LAB3), one in a greenhouse (GH), and three under field conditions (F13, F14, and F15) (Figure 1 ). The trial without choice (LAB1) had a completely randomized design (CRD), with six replications. However, trials LAB2, LAB3, and GH (with choice) had a randomized complete block design (RCBD), with three, six, and four replications, respectively. In these trials, each plant constituted a plot. In the field, the experiments were RCBD with two replications. Each plot contained six, eight, and ten plants in 2013 (F13), 2014 (F14) , and 2015 (F15), respectively. 
Germplasm
Forty-six melon accessions were obtained from the Melon AGB of Embrapa Hortaliças (Brasília, DF, Brazil), two accessions were obtained from the Cucurbitaceae Germplasm Bank of Northeast Brazil, Embrapa Semiárido (Petrolina, PE, Brazil), and four commercial hybrids ('BRS-Araguaia', 'Iracema', 'Goldex', and 'Olimpic') were included as standards of susceptibility. The study was divided into experiments with young plants under controlled infestation (cages) and with adult plants under natural infestation (field). In both environments, leafminer samples were collected and sent for taxonomic identification by the Agricultural Entomology Laboratory at Universidade Federal Rural de Pernambuco, Recife, PE, Brazil.
Evaluations

Young plants under controlled infestation
The trials were conducted in a greenhouse and in the Plant Breeding and Genetic Resources Laboratory of Embrapa Agroindústria Tropical [3°44'S, 38°33'W and 19.5 m above mean sea level (AMSL)], Fortaleza, CE, Brazil. Three trials were conducted in the laboratory, one without choice (July 2013, LAB1) and two with choice (July 2014, LAB2 and October 2014, LAB3) , and one in a greenhouse with choice (July 2014, GH). In the tests with choice, the treatments were placed in the same cage so that the insects could choose among the genotypes. In the test without choice, plants of each genotype were in individual cages.
To obtain the plants, seeds were sown in 200-cell polyethylene trays filled with coconut fiber powder. On the 10th day after sowing, the seedlings were transferred to 0.3-L polyethylene pots containing sand and earthworm humus at a proportion of 5:1. The plants remained in the greenhouse from sowing until infestation or evaluation, and nutritional requirements were met through fertigation.
The plants were infested when they had six fully expanded true leaves (26 days after sowing). The plants were transported to the laboratory and placed in cages in which eight flies, with an age of up to 48 h, were released per plant. The insects were reared in the laboratory, and were obtained from periodic collections in the melon production area of the JaguaribeAçu agricultural region and subsequently multiplied on jack bean [Canavalia ensiformis L. (Fabaceae)] to avoid preimaginal conditioning. After 24 h of infestation, the plants were removed from contact with the adult insects and kept in a greenhouse until evaluation. Four days after infestation, the number of mines per leaf on each young plant (NMLyp) was counted.
Adult plants under natural infestation
Three trials were conducted in the Experimental Field of Pacajus, CE, Brazil (4º10'S, 38º27'W and 60 m AMSL), which belongs to Embrapa Agroindústria Tropical, in three consecutive years: December 2013, October 2014, and November 2015. The seedlings were obtained as described above and transplanted in the field at 10 days after sowing with 2.0 m between the rows and 0.4 m between the plants. A drip irrigation system was used, and fertilizer was applied daily through fertigation. No insecticide was used.
In the final phase of the crop cycle (a few days before harvest, ~50 days after transplanting), the damage caused by the leafminers was visually evaluated and scored (SSap), and the number of mines in the leaves (NMLap) was counted. To score the damage, a scale of 1-5 was used: 1 = plant without mines in the leaves; 2 = 1-25% of the leaves attacked; 3 = 26-50% of the leaves attacked; 4 = 51-75% of the leaves attacked; and 5 = 76-100% of the leaves attacked. To ascertain the NMLap, the 10th leaf on the first three secondary branches was collected from four plants per plot, and the number of mines per leaf was counted (Braga Sobrinho et al., 2003) . The SSap and NMLap were estimated based on the means for each plot.
Plants with antibiosis
Melon plants resistant to the leafminer, presumably through antibiosis, were selected, and the type of resistance was evaluated through the progeny. Because selection occurred before flowering, these plants were self-pollinated to obtain their respective progenies, and the progenies were grown from seeding to infestation as described for young plants under controlled infestation. Four days after infestation, the number of mines (NM) per leaf on each plant was counted. Under laboratory conditions, leaves with larvae exhibiting normal development were stored in plastic cups for collection and determination of the number of pupae (NP), and, later, the number of adults (NA). The hybrid 'Goldex' was used as a commercial control. Larval viability per plant [LV = 100 (NP/NM)] was estimated, and plants were grouped into five classes: 1 = resistant (0% LV); 2 = moderately resistant (1-25% LV); 3 = intermediate (26-50% LV); 4 = moderately susceptible (51-75% LV); and 5 = susceptible (76-100% LV). Pupal viability [PV = 100(NA/NP)] and the descriptive statistics of each population were also obtained.
Statistical analyses
The data were analyzed using mixed models. Predictions of the genetic values were obtained by the best linear unbiased predictor method, and estimates of the components of variance were obtained by the restricted maximum likelihood procedure. Two blocks of experiments, both with choice, were analyzed in a combined form. The first joined the experiments in the field (F13, F14, and F15), in which the traits NMLap and SSap were evaluated, and the second joined the experiments under controlled infestation (LAB2, LAB3, and GH), which evaluated the NMLyp trait. The data were analyzed in matrix form, considering the following statistical models (Resende and Duarte, 2007) :
where y is the vector of the phenotypic means of the data, r is the vector of the effects of replication (assumed as fixed) that is added to the overall mean, g is the vector of genotypic effects (assumed as random), i is the vector of the effects of the genotype x environment (G x E) interaction (random), e is the vector of the errors or residues (random), and X, Z, and W are incidence matrices that relate the effects r, g, and i to the vector y, respectively (combined analysis of the trials):
where y is the vector of the phenotypic means of the data, u is the scalar in reference to the overall mean (fixed effect), g is the vector of genotypic effects (assumed as random), e is the vector of the errors or residues (random), and X and Z are incidence matrices that relate the effects r and g, respectively, to the y vector (trials in CRD):
where y is the vector of the phenotypic means of the data, r is the vector of the effects of replication (assumed as fixed) that is added to the overall mean, g is the vector of genotypic effects (assumed as random), e is the vector of the errors or residues (random), and X and Z are incidence matrices that relate the r and g effects, respectively, to the y vector (trials in RCBD). Analyses of deviance were conducted to evaluate the effect of genotype and the interaction, and the likelihood ratio test was used to test the comparisons. For variables that had significant effects, ranking was based on the genotypic values: genotypes with low values and that maintained stability of performance for non-preference by the leafminers were considered superior.
RESULTS AND DISCUSSION
Taxonomic identification of the insect samples revealed that the only species present was Liriomyza sativae Blanchard 1938 (Diptera, Agromyzidae). Therefore, this is the main pest species in the melon production areas of the Jaguaribe-Açu agricultural region, and corroborates the findings of previous studies (Costa -Lima et al., 2009; Araújo et al., 2013; Ferreira, 2014) .
The SSap trait did not exhibit a significant G x E interaction, indicating that the responses of the genotypes were similar (Table 1 ). In addition, a significant effect of genotype and a strong genetic correlation (75%) were found among the environments, which allowed the selection of the following accessions to be performed: 'CNPH 00-919', 'CNPH 01-925', 'CNPH 01-963', 'CNPH 06-19157', 'CNPH 11-233', 'CNPH 11-282', 'CNPH 11-1072', 'CNPH 11-1077', 'CNPH 82-0915', 'CNPH 93-691', 'CNPH 94-001', 'CNPH 94-002', and 'CNPH 94-244' (Table 2) . c 2 (G x E), effect of the gene x environment interaction on phenotypic variance; h 2 mg , mean heritability; Ac g , selection accuracy; r gloc , genetic correlation among all environments; V phen , phenotypic variance; V gen , genotypic variance; V e , residual variance; CV g , coefficient of genetic variation; CV e , coefficient of residual variation; CV r , relative coefficient of variation (CV r = CV g /CV e ).
In contrast, for NMLap and NMLyp, there was a significant effect of the G x E interaction and a non-significant effect of genotype ( Table 1 ), indicating that the responses of the genotypes differed. After breaking down the accessions in each environment, a significant effect of genotype was observed (Table 1 ). This significant effect was diluted when analyzed in a combined manner, suggesting that there was a complex interaction, which was corroborated by the low genetic correlations among the environments (NMLyp = 14% and NMLap = 24%; Table 1 ). Therefore, superior accessions that did not vary in their performances in the environments were selected. Only 'CNPH 11-1072' was selected based on NMLyp; and 'CNPH 11-1072', 'CNPH 11-1077', and 'CNPH 94-244' were selected based on NMLap (Table 2) .
For NMLyp, which was also evaluated in the experiment without choice (LAB1), there was a significant effect among the treatments (Table 1) that allowed the selection of the following genotypes: 'BRS Araguaia', 'CNPH 01-925', 'CNPH 01-963', 'CNPH 03-972', 'CNPH 11-196', 'CNPH 11-282', 'CNPH 11-1067 ', 'CNPH 11-1072 ', 'CNPH 11-1077 Table 2) . Deviance of the adjusted model without the effect referred to; likelihood ratio test (LRT) tested by chi-square with 1 degree of freedom. **Significant at the 1% probability level. *Significant at the 5% probability level.
ns Not significant.
The experiments without choice provide additional information to the experiments with choice, because an accession that performed well among the accessions when they were placed together may be severely attacked when it is the only option as host for the insect. Of the accessions selected, 'CNPH 11-1072' had a similar, resistant response in the two types of experiment. In contrast, 'CNPH 94-244', although considered superior in most of the trials with choice, was classified as susceptible in the experiment without choice, and was among the genotypes that were most attacked. Therefore, considering the variables analyzed the accessions 'CNPH 11-1072' and 'CNPH 11-1077' were selected as antixenosis-type sources of resistance, because both were among the genotypes that were least attacked in all of the experiments. ' also exhibited good performances in most of the trials, and should be included in the next trials (Table 2) .
The commercial hybrids were among the genotypes with the highest genotypic values for the trait NMLap, and were among the intermediate accessions for the traits NMLyp and SSap, except for 'BRS Araguaia' for NMLap (F13) and NMLyp (LAB 1). It is noteworthy that, among the controls, 'BRS Araguaia' was the only one that had its parent lines and its own performance evaluated for resistance to leafminers in the Jaguaribe-Açu region. Most of the accessions exhibited differing performances, possibly because of the specific conditions in each environment and the type of characteristic evaluated (Nunes et al., 2013 Values in bold indicate the best-evaluated accessions. Table 2 . Genotypic values (u + g) for the number of mines per leaf (NMLap) and subjective score (SSap) in adult melon genotypes in trials with choice in the field (F13, F14, and F15) , and for the number of mines per leaf (NMLyp) in young plants in trials with choice in the laboratory (LAB2 and LAB3) and greenhouse (GH) and without choice in the laboratory (LAB1). A similar result was obtained in the evaluation of 22 melon accessions in regard to their reactions to Liriomyza spp. because there was also no consistency in their performances in the greenhouse and in the field for two years, except for 'AC-22' (Nunes et al., 2013) . Other studies have also reported the selection of only a few melon accessions that are resistant to leafminers, e.g., Kennedy et al. (1978) reported that of 50 accessions, only 'PI 282448' and 'PI 313970' exhibited good resistance to L. sativae, and Dogimont et al. (1995) found that of 110 accessions, only 'Nantais Oblong' exhibited resistance to L. trifolii. In field conditions in the Sudan, where L. sativae is the most common species, only the accession 'HDS 2445' was considered resistant by having the lowest infestation rate of the 100 accessions evaluated (Gesmallah and Yousif, 2004) .
In the selection process, it is fundamentally important to verify the precision of the experiments conducted. This precision in selection can be confirmed using genetic parameters, such as heritability and accuracy (Albuquerque et al., 2015) . The trait NMLyp in the experiments with controlled infestation had the highest heritability values (74 to 88%), except for trial LAB2 (38%). Over the three years of the experiment in the field, the heritability of NMLap varied between 34 and 51%, and that of SSap was 72% (Table 1 ). In general, for these traits, a considerable fraction of the phenotypic variance was due to genetic effects, which would result in the selection of superior genotypes.
The variables were evaluated with a moderate to high accuracy (Table 1) , according to Resende and Duarte (2007) . High accuracy results in highly reliable genotypic value predictions, and the selection of the best accessions (Albuquerque et al., 2015) . Selection accuracy has been used to make inferences in regard to precision, because it is related to the relative coefficient of variation and the number of replications (Resende and Duarte, 2007) . Therefore, in this work, the estimate of parameters ensured the superiority of the genotypes selected ('CNPH 11-1072' and 'CNPH 11-1077') .
Antibiosis type sources of resistance
Two plants were selected in the trials LAB2 and F14, one plant of accession 'CNPH 00-915' and one of 'BAGMEL 56', respectively. These plants were denominated 'CNPH 00-915(R)' and 'BAGMEL 56(R)' because they exhibited possible antibiosis-type resistance to L. sativae. The pest larvae died after they began feeding on the leaf mesophyll of these genotypes, and, consequently, they had mines that were smaller than 1 cm.
In both cases, only one plant stood out among the other replications of the accession, suggesting that these accessions are composed of more than one genotype. This may have been a result of the manner of collection, because most of the accessions were obtained in the field and would have had large genetic variability due to the mixed reproductive system of the melon. Having more than one genotype in an accession can also occur by seed mixing, natural crosses, and mutations (Borém and Miranda, 2013) . In addition, it may not be the case that the antibiosis-type resistance observed in the selected plants was caused by genetic defense mechanisms, because plants can erroneously be characterized as resistant by exhibiting pseudo-resistance, through escape, induction, phenotypic mismatch, or other non-hereditary factors (Gallo et al., 2002) . However, this uncertainty was discarded upon evaluation of the first generation of self-pollinated plants of 'CNPH 00-915(R)' and 'BAGMEL 56(R)' ( Table  3) . The progenies obtained, 'CNPH 00-915' (S 1 ) and 'BAGMEL 56' (S 1 ), were evaluated under controlled infestation in October 2014 and February 2015, respectively.
There was segregation in the two self-pollinating populations, 'CNPH 00-915' (S 1 ) and 'BAGMEL-56' (S 1 ). Plants grouped in the first class exhibited a similar performance to the parent plants, i.e., they exhibited lethal antibiosis (0% of LV), which confirmed the hereditary nature of the resistance. Therefore, the antibiosis resistance of the parents was maintained by the progenies and was caused by genetic defense mechanisms.
Lethal antibiosis to Liriomyza sativae larvae in melon has been reported in three other genotypes. The accessions 'PI 282448' (Africa) and 'PI 313970' (India), which were selected because they have few mines and high L. sativae larval mortality, exhibit apparent recessive resistance and incomplete dominance, respectively (Kennedy et al., 1978) . In 'Nantais Oblong' (France), the same phenotype was observed in regard to L. trifolii (Dogimont et al., 1995) , and resistance in this line is controlled by one gene with complete dominance (Dogimont et al., 1999; Dogimont, 2011) . Although these sources were described more than 20 years ago, there have been no subsequent reports of introgression in commercial cultivars, and the plant defense mechanisms responsible for larval mortality have also not been described (Dogimont and Boissot, 2016) .
It is noteworthy that the plants selected in this study were not homozygous for the trait in question, which was verified by the segregation in the S 1 generation (Table 3 ). In the progeny 'CNPH 00-915' (S 1 ), half of the plants exhibited antibiosis that was lethal to the larvae (LV = 0%), and, in the others, LV ranged from 3 to 100%. In the 'BAGMEL 56' (S 1 ) progenies, more than 70% had the same response as the parent (LV = 0%), and in the others, the LV ranged from 47 to 100%. The LV in 'Goldex' ranged from 63 to 100%. This allowed contrasting lines (resistant and susceptible) to be obtained from the two segregating populations.
The low mean value of LV observed in the two S 1 populations in relation to 'Goldex' was mainly caused by plants that did not allow larval development (Table 3 ). In contrast, in relation to the mean PV, the S 1 populations had values near to those of 'Goldex'. The 'Goldex' PV could have been higher if the plants had been less infested. There was probably competition among the larvae for food, because plants of the commercial genotype were highly infested. Competition for food may have led to abnormal formation of the pupae, which prevented them from reaching adulthood. In the two S 1 populations, even with the presence of susceptible plants, over 70% of the larvae did not reach the adult phase. In addition to antibiosis preventing a reduction in the photosynthetic capacity of the plants, it also reduced the pest population. Therefore, the introgression of these sources in commercial hybrids would reduce the need for chemical control, benefitting both humans and the environment.
CONCLUSIONS
Genetic variability exists among melon accessions in regard to leafminer resistance, and four new sources of resistance to leafminers were identified: 'CNPH 11-1072' and 'CNPH 11-1077' (by antixenosis), and 'CNPH 00-915(R)' and 'BAGMEL 56(R)' (by antibiosis). LV, larval viability; PV, pupal viability.
